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Abstract 
This paper deals with the understanding of cMUT membrane behavior during a high-voltage excitation. Measurements were 
performed with a homemade interferometer system. Experimental results in air and fluid (here oil) are discussed. 
PACS: 43.20.Rz - 43.20.Tb - 43.38.Ts – 43.38.Hz – 43.40.Dx 
Keywords: cMUTs – Laser interferometry 
1. Introduction 
Characterization of cMUT temporal response is a key aspect for the optimization and fabrication of arrays. Two 
driving modes of cMUT exist. The conventional mode used for the reception, where the membrane is polarized with 
a static voltage on which a low amplitude dynamic voltage is superimposed. For echographic imaging and 
therapeutic applications, cMUTs are dynamically driven with high voltage signals whose amplitude is near from the 
collapse voltage value. cMUTs can be polarized or not. Two regimes have been identified: the collapse mode where 
membrane is always in contact with the bottom of the cavity and the collapse-snapback mode where membrane at 
each cycle of excitation releases it. A strongly non linear response of the cMUT characterizes this regime too. 
This paper proposes to investigate the non-linear response of cMUT to explain correlations between the shape of 
the signal excitation and the displacement response vs. time (lateral resolution and amplitude) of the membrane. The 
time response of the displacement was measured at the surface of a cMUT membrane, in a large frequency range 
(from 200 kHz to 10 MHz) with a laser interferometer. The device we analyze in this study is a cMUT array element 
with square shape membranes, 20x20 μm2. The element is made of four columns of cMUTs. The in air resonance 
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frequency was 14 MHz, its collapse voltage was 50 V. The final working frequency, in water, is comprised between
3 and 4 MHz.
2. Laser Interferometry setup
A photo of the system we developed and used is given in figure 1. Figure 2 details the principle of our
experimental bench. It comprises an heterodyne interferometer developed by D. Royer [1, 2] from LOA.
Fig.1 LASER Interferometry setup – Photo Fig.2  LASER Interferometry setup - Principle
This system is based on a double passing of the laser beam through the Bragg cell [3] in order that the ultrasonic
frequency carrier moves from 70 MHz to 140 MHz. The photo detector allows measuring signal amplitude with
minimum detection of 10-4 nm/¥Hz. At the output of the interferometer, an expander is placed to enlarge the laser
beam from 1 mm diameter to 10 mm diameter. Then, ×10 long working distance Mitutuyo objective (34 mm) is
placed for focusing the beam into a 3 μm diameter spot. A beam splitter is inserted between the expander and the 
objective allowing imaging simultaneously the front face of the cMUT membrane and the laser spot position. The
demodulation of the 140 MHz phase modulated RF signal is ensured with an analogical electronic for base band
signals which frequency covers the [200 kHz-100 MHz] range. Less than 200 kHz, a specific real time numerical
demodulation algorithm is used with direct implementation in the oscilloscope (Lecroy Wave Runner). Thus, the
minimum frequency that can be demodulated is 20 kHz. This limit is determined by the 70 MHz oscillating source
used to drive the cell Bragg in the interferometer.
3. Air Experimental results
3.1. cMUT hysteresis cycle
This study consists in analyze the behavior of the middle of a cMUT membrane for a High-Voltage excitation.
A five-burst in different frequencies (250 kHz, 2.5, 5, 7.5, 10 MHz) coupled with a bias Voltage is applied on a 
cMUT element. The cMUT is biased with voltage of half the collapse voltage value. The amplitude of the burst is 
chosen in order that the cycle 0V-Vcollapse-0V is covered. The sign of tension is always positive or negative to avoid
phase inversion in the excitation. The displacement measured at the center of the membrane, for the five different
frequencies, is displayed in figure 3. At 250 kHz and 2.5 MHz, the membrane shows the same behavior. First, the
variable voltage adds with the static part to increase the deformation of the membrane up to the collapse of the 
membrane. We clearly show on the two responses, time domains where membrane stays at the back of the cavity,
without any movement. The snapback of the membrane is then clearly pointed out. We see that at the end of these
time domains membrane is abruptly unsticked from the back, this is the snap back phase. It is interesting to note that
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the relaxing of the membrane is followed by excitation of its mechanical resonance. Moreover, at the end of the
burst, the membrane oscillates at its Eigen-frequency. At 5 MHz, the membrane displays large amplitude
displacement too but the collapse phase does not occur on account of the first inertia effect of the membrane mass.
When applying variable voltage, membrane reaches maximum displacement amplitude without collapsing. When
the excitation voltage goes back up, the membrane is relaxed again and begins to vibrate at its resonance frequency.
The next excitation cycle intercepts response of the membrane and forces it to move toward the back of the cavity.
Thus, up to 5 MHz, it seems that membrane behavior is mainly elastic with few inertia effects. 
Fig.3 Displacement of the middle of membrane in air for different
excitation frequencies (blue) and applied excitation voltage (red). 
Fig.4 Hysteresis cycle of the displacement in air versus the 
polarization voltage for burst excitation with different frequencies.
The hysteresis cycles, drawing the displacement versus the polarization voltage (figure 4) confirms this
assumption. At 250 kHz and 2.5 MHz, we measure the static displacement curve of the membrane, i.e. displacement
versus bias voltage. The collapse and snapback voltages are easy to distinguish. However, at 5 MHz, the round-trip
cycle is not symmetric. The forward part looks the static response of the membrane while the return part deviates
from the originate curve. The same behavior is observed at 7.5 MHz and 10 MHz. The hysteresis cycle shape is
alike an ellipsoidal curve, as for linear system working in sinusoidal forced regime.
4. Fluid experimental Results
4.1. cMUT hysteresis cycle
The same analysis was performed for cMUT vibrating in fluid medium, oil.
Time domain responses are drawn in figure 5. The hysteresis cycles are in figure 6. Frequencies of the burst are 
50 kHz, 250 kHz, 1 MHz 2 MHz and 6 MHz. These values were chosen in order to be coherent with the working
frequency of the cMUT in oil, i.e. 3 MHz. Membrane was polarized at Vc/2 and amplitude was Vc/2 too. Up to 1
MHz, the membrane vibrates in static-like regime, so that when the voltage increases up to the collapse voltage, the
displacement versus voltage curve has the same shape than the hysteresis cycle measured in air. Then, when the
membrane is collapsed, it releases the back of the cavity at the snapback frequency. The snapback phenomenon is
again followed by the excitation of the membrane/fluid Eigen-mode. Collapse and snapback voltage values are the
same than in air, around 50 Volts. We see that when the burst frequency increases the collapse voltage increases too.
At 50 kHz Vc is 48 V, 50 V at 250 kHz and 58 at 1 MHz. The collapse is not reached above this frequency, for this
amplitude. At 2 MHz, but mainly at 6 MHz, membrane response is linear since the displacement follows the
excitation and the “hysteresis” cycle shape tends toward an ellipsoidal function. Finally, figure 7 is the displacement
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measured at different instants when the 250 kHz burst is applied. Figure 7.a and 7.b are the shape before and after
collapse. We clearly show that only the membrane center area is stuck at the back of the cavity. On figure 7.c, the 
deformation profile, at periodic sampling time, during the 0 – Vc cycle is shown. We see that the collapse
phenomenon occurs progressively. The membrane deflects “slowly”, and when collapse voltage is reached a very
small part of the membrane touches the back of cavity, without strong discontinuity in the displacement. To contrary
the snapback is strongly discontinuous and membrane quickly reaches its initial position.
Fig.5 Temporal response of the middle of membrane in oil for
different excitation frequencies
Fig.6 Hysteresis cycle of the displacement in oil versus the
polarization voltage for burst excitation with different frequencies.
Fig.7  Displacement of the membrane, before membrane collapse (a), when collapsed (b), and
when the excitation voltage follows the 0 V - Vcollapse – Vsnapback - 0 V cycle (c).
(a) (b)
(c)
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4.2. Impulse and frequency response
In this study, the impulse response of cMUT is analyzed. To this end a single burst is used to excite the
membrane, with a frequency of 200 kHz, 1 MHz, 3 MHz, 5 MHz and 10 MHz. For each frequency, three different
burst amplitudes were used, low value (compared to Vc), 80 % Vc and higher than Vc.
Displacement response measured at the center of the membrane is shown in figure 8, units are expressed in nm
per volt. This reference voltage value corresponds to the peak to peak amplitude of the burst. The corresponding
spectrum of the particular velocity, for each burst, is given in figure 9.
Fig.8 Impulse response of the membrane in oil for different
excitations
Fig.9  Frequency analysis of speed response of membrane in oil for
different excitations 
First, we observe that for all frequency, the use of strong amplitude excitation, higher than Vc leads to strongly
discontinuous displacement of the cMUT, with parasitic pulse at the end of the response. At 200 kHz and 1 MHz,
collapsed membranes display complex frequency responses with local maximum placed at the excitation frequency.
At 6 and 4 MHz, two other maxima can be observed. They correspond to the frequency where acoustic coupling 
between membrane and fluid is the more efficient. These maxima appear for the three other frequencies too. Again
for collapsed membrane response, at 3 MHz, 5 MHz and 10 MHz a strong cut-off frequency appear in the spectrum,
near from 7 MHz. It probably comes from the thickness mode resonance of the wafer. The response of low
excitation amplitude and 80 % Vc amplitudes show similar responses for all frequencies, with maximum at 
frequency of the burst. This is an interesting feature of cMUT devices, which points out its ability to transmit high
quality single acoustic pulses in a large frequency range. Nonlinear effects of the membrane response on the shape
of the displacement response can be observed. For all temporal responses, the 80 % Vc amplitude excitation
provides asymmetric shape of the pulse. The first semi-arch of the displacement is different from sine shape and
seems rather triangular. As a consequence, the spectrum of the membrane velocity widens when the excitation
amplitude increases. This widening of the cMUT frequency bandwidth is evident for 1 MHz, 5 MHz and 10 MHz.
4.3. Mutual coupling between membranes
The last analysis consisted in comparing the response of the inner and outer membranes (figure 10). We see that
they show similar responses but around 6 MHz, a discontinuity in the spectrum is visible. It was already observable
in figure 9. It comes from mutual coupling between membranes and explains the presence of small oscillations at the
end of the temporal response. However, despite this phenomenon, responses of the two membranes are mainly
governed by their ability to work in a forced regime in a wide frequency range.
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Fig.10  Comparison between outer (red) and inner (blue) Cell of an element of cMUT for a High Voltage excitation in Oil
5. Conclusion
We have shown that the temporal response of cMUT membranes follows, in a large frequency range, its static
hysteresis cycle. This explains origins of non linearities in the membrane behavior. More, cMUTs showed ability to
work in a forced regime, under and above its resonance frequency. These phenomena forwardly impacts on the
performances of the array in term of bandwidth.
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